1. Introduction {#sec0005}
===============

Early in development, from birth and up to around six months of age, infants are able to discriminate between most speech sounds used contrastively in the world's languages, regardless of their own native language (for reviews see [@bib0090]; [@bib0165]). At around eight months, infants no longer reliably discriminate between non-native vowels ([@bib0010]; [@bib0115]), and at around ten months, the same is valid for non-native consonants ([@bib0170]). During this time, they also become better able to discriminate native contrasts ([@bib0060], [@bib0070]). These results are taken to indicate a "perceptual reorganization" of speech during the first year of life ([@bib0160]; [@bib0170]), or in other words, a transition from a language-general to a language-specific perception of speech sounds ([@bib0055]). That is, during the first year of life, infants' perception of speech sounds shifts from the acoustic characteristics of the sounds towards the linguistic information they convey.

Acoustic versus linguistic processing of sounds can be captured using the event-related potential (ERP) component mismatch negativity (MMN). The MMN is elicited in response to a violation of an expected rule or pattern of stimulation ([@bib0175]). The simplest instance of this constitutes occasional presentations of an oddball, or deviant stimulus, among a series of identical standard stimuli. Detection of the deviant stimulus results in a negative deflection in the ERP difference wave, that is, in the averaged response to the deviant stimulus minus the averaged response to the standard stimulus. That negative deflection, occurring around 150--250 ms after change onset, is the MMN (e.g., [@bib0110]). The amplitude of the MMN component reflects both degree of acoustic difference between standard and deviant stimulus (e.g., [@bib0155]) and whether the two stimuli belong to the same or different perceptual categories ([@bib0180]; [@bib0135]). For example, the same two speech stimuli induce a larger MMN in a group of participants to whom the difference between the two sounds is contrastive, compared to in a group in which they belong to the same speech sound category ([@bib0180]).

In infants, the mismatch response (MMR) is not as well studied as in adults. Different experimental conditions result in different MMR morphologies, with varying latencies, amplitudes, and polarity (e.g., [@bib0025]). However, the MMR has been demonstrated repeatedly to reflect the transition from acoustic to linguistic processing of speech sounds (e.g., [@bib0020]; [@bib0120]). For example, the MMR to two vowels reflects only the acoustic difference between two vowels in a group of six-month-olds, whereas at twelve months of age, the same stimuli reflect enhanced MMRs to good exemplars of native vowels ([@bib0020]).

The transition from acoustic towards linguistic processing of speech has been tied to language exposure. Numerous studies have established that the sensitivity to contrasts in non-native languages is attenuated (e.g., [@bib0170]; [@bib0115]), whereas sensitivity to native contrasts is enhanced ([@bib0060], [@bib0070]). Infants with two (or more) native languages typically retain the ability to discriminate contrasts that are relevant in either language ([@bib0015]). The ability to discriminate a non-native contrast can be retained beyond the age at which it typically attenuates, with relatively brief live exposure to a non-native language in which the contrast is relevant ([@bib0065]; [@bib0030]). Furthermore, infants' perception of speech sounds can be influenced by only minutes of exposure to different types of frequency distributions conveying speech sound category information ([@bib0095]; [@bib0190]).

The amount of language exposure in infants' everyday life has also been tied to more mature MMRs both on a group level ([@bib0045]) and on an individual level ([@bib0050]). In the latter study, the MMRs of 11- to 14-month-old monolingual and bilingual children were related to the amount of daily language exposure. A large amount of daily language exposure was tied to a late negative MMR, whereas a somewhat smaller amount of language exposure was tied to an early positive MMR. The group with the smallest amount of exposure displayed no MMR in either the early or the late time-window ([@bib0050]). A negative MMR can be considered a more mature mismatch response than a positive MMR, since the polarity of the adult MMN is negative ([@bib0110]). That this response has longer latency in infant and child ERPs than it does in adult ERPs is in line with development of other ERP components ([@bib0140]).

The present study expands the findings of Garcia-Sierra and colleagues ([@bib0045], [@bib0050]), by investigating the relation between daily language exposure and the MMR to native speech sound contrasts at younger ages than previously studied. Further, a non-speech control condition was included since the morphology of the MMR undergoes drastic general changes across development ([@bib0025]). Spectrally rotated speech was used as non-speech control because it shares many acoustic characteristics with speech and is of comparable acoustic complexity ([@bib0085]), while it does not sound anything like speech. Language-unrelated developmental differences in MMR realization can be accounted for by including this condition, since infants are not exposed to spectrally rotated speech in their everyday life.

2. Method {#sec0010}
=========

2.1. Participants {#sec0015}
-----------------

A total of 42 infants (20 girls, 22 boys) participated in the study. From this sample, fifteen infants were excluded from the final analysis, either due to technical problems during the EEG-recording session (n = 3), or because less than 30 trials remained in one or both deviant conditions after data pre-processing (n = 8), or because they were outliers in terms of MMR amplitude (n = 4). Subjects were classified as outliers if the mean voltage in one or more MMR measures differed more than 2 SD from the group mean of that measure (details on the four MMR measures can be found in section *EEG preprocessing* below). This resulted in 12 participants in the younger age group (mean age 4.4 months, SD = 0.5) and 15 participants in the older age group (mean age 8.1 months, SD = 0.7). After preliminary analyses, the two age groups were combined, resulting in a total number of 27 participants (14 girls, 13 boys) in the final analysis, with a mean age of 6.4 months (SD = 2.0). Participant age is reported based on the date of the EEG experiment. Audio recordings in the home took place on average four days after the experiment date (SD = 3; range = 1--20).

All included infants (n = 27) were learning Swedish as a first language, with 18 being monolingual Swedish-learning infants. The remaining nine families were bilingual (n = 6) or trilingual (n = 3), with Swedish as one of the languages spoken with the infant. In one bilingual and one trilingual family both parents reported that they only speak Swedish to their child, not their own first language. Those subjects are nevertheless included in the multilingual group for the purposes of this study, since they are most likely at least passively exposed to multiple languages in their daily life. The vowels used in the experiment (/e/ and /i/) were part of the phoneme inventory in at least two of the multilingual children's native languages.

The socioeconomic status (SES), estimated by the mothers' level of education, was high and homogenous within the included participants; 89% (24/27) of the mothers had university education or equivalent. Two of the remaining mothers had higher vocational education, and the third did not provide information about educational level. In all families, one or both parents were on parental leave, totaling full time (i.e., none of the participants were enrolled in pre-school[1](#fn0005){ref-type="fn"}).

Parents of participants received a small children's book and a photo of their child with the EEG-net as thanks for their participation in the study. The study has been approved by the Ethical Review Board at Karolinska Institutet (2015/63-31).

2.2. Stimuli {#sec0020}
------------

The stimuli in the MMR experiment were two vowels spoken by a female native speaker of Swedish, and the rotated counterparts of the same vowels. The vowels, /e/ and /i/, were recorded in /Vt/ and /Vk/ syllable contexts. Recording took place in an anechoic chamber equipped with a Nexus Conditioning Amplifier (Brüel & Kjær Sound & Vibration Measurement A/S, Nærum, Denmark), Brüel & Kjær microphones (model 4189), and Adobe Audition 1.5 (Adobe Systems Inc., San Jose, CA, USA). Twelve exemplars of each syllable were recorded. Listening to the recordings, two exemplars of each vowel were selected as possible stimuli based on auditory similarity. Their consonant context was subsequently removed, and the acoustic properties of the remaining vowels were mapped using Wavesurfer 1.8.5 ([@bib0150]). One /e/ and one /i/ were chosen as stimuli based on the fact that they were approximately matched for fundamental frequency (*f~o~*), intensity, and duration (see [Table 1](#tbl0005){ref-type="table"}).Table 1Acoustic information about the speech stimuli used in the MMR experiment.Table 1VowelMean *f~o~*f0-contourMean intensityIntensity contourDuration/e/182 Hz![](fx1.gif)40 dB![](fx2.gif)350 ms/i/175 Hz![](fx3.gif)45 dB![](fx4.gif)350 ms

The two vowels were spectrally rotated to create the rotated speech stimuli, a procedure that entails multiplying the speech signal with a carrier wave so that the negative part of the spectrum is shifted to above zero, then using a low-pass filter to remove the positive part of the spectrum. Carrier wave frequency and filter cut-off frequency determine the frequency span included in the spectral rotation ([@bib0005]; [@bib0085]). The rotation script was written in Mathematica 9 (Wolfram Research Inc., Champaign, Illinois, USA), and the frequency span included in the rotation was 0-5000 Hz.

Four adult participants took part in an active oddball perceptual test with the selected stimuli in order to make sure both the vowels and their rotated counterparts were discriminable. For the natural vowels, accuracy was 100.0% and the false positives rate was 0.0%. For the rotated vowels, accuracy was 91.7% and the false positives rate was 0.4%.

2.3. Experiment design and procedure {#sec0025}
------------------------------------

The experiment was of a classic passive oddball design with 16 blocks, each containing 120 trials, with 10% deviants. Each block contained either speech sounds or rotated speech sounds. For half of the participants, the first block presented speech sounds and the second block presented rotated sounds, alternating the two block types throughout the experiment in order to get as even a distribution between speech and rotated speech trials as possible. The other half of the participants heard rotated speech sounds in the first block and speech sounds in the second block, and so on. For half of the subjects, the /e/ was presented as standard in the speech sound blocks, and /i/ as the deviant. For the same participants, the rotated /e/ served as standard and the rotated /i/ served as deviant in the rotated speech sound blocks. For the other half of the participants, the /i/ and the rotated /i/ were standards and the /e/ and the rotated /e/ were deviants in their respective blocks. The reason for counterbalancing standard and deviant vowels is that the MMN amplitude reflects asymmetries in vowel discrimination ([@bib0100]). After excluding participants, the distribution of subjects was still fairly balanced (see [Table 2](#tbl0010){ref-type="table"}).Table 2Number of participants in the counterbalancing groups. Numbers in parentheses indicate number of participants before exclusion criteria were applied.Table 2Standard /e/Standard /i/First block speech soundsn = 6 (11)n = 6 (11)First block rotated soundsn = 7 (10)n = 8 (10)

There were at least twelve standard stimuli at the beginning of each block, and at least three standards preceding each deviant. Stimuli duration was 350 ms and the inter-stimulus interval was 650 ms, resulting in a trial duration of 1000 ms. Between the blocks were short pauses in order to increase the possibility of keeping infant participants engaged in the experiment. Infants were seated on their parent's lap and silently entertained by a research assistant. Both the parent and the research assistant listened to masking music in headphones. Each block lasted for about two minutes and pauses between blocks were 30 s long, resulting in a total experiment duration of approximately 45 min. However, most infants became fussy at some point in which case the experiment was terminated early.

2.4. EEG recording {#sec0030}
------------------

The EEG-system consists of a NetAmps 300 amplifier (20 kHz sampling rate), Hydro-Cel 124-electrode high-impedance nets for infants, and EGI NetStation 4.4.2 software for recording (Electrical Geodesics Inc. Eugene, Oregon, USA). Stimuli were presented using E-Prime 2.0 (Psychology Software Tools, Sharpsburg, Pennsylvania, USA). During recording, reference was Cz, and the EEG signal was low-pass filtered online at 4 kHz. The signal was also down-sampled online during recording to a sampling rate of 250 Hz.

2.5. EEG preprocessing {#sec0035}
----------------------

The EEG-data was exported from the NetStation format using the NetStation Exporter application (Electrical Geodesics Inc.). The files were imported into the EEGLAB toolbox ([@bib0035]) for MATLAB R2014b (MathWorks Inc., Natick, Massachusetts, USA). The data was band-pass filtered at 1--20 Hz, re-referenced to the average of the two mastoid electrodes (electrode 57 and 100 in the EGI 124-channel nets), and epoched to -100 ms to 900 ms around stimulus onset. Baseline correction was applied to all epochs. The data was then preprocessed using the ERP PCA Toolkit 2.54 ([@bib0040]) for MATLAB. Bad channels were identified (max-min \> 300 μV) and replaced when possible, movement artifacts were identified and removed using principal-component analysis (PCA; components removed if exceeding 200 μV), and trials containing more than 25% channels in which the span exceeded 300 μV were excluded. Infants with recordings in which less than 30 trials remained in any of the deviant conditions were excluded from further analysis. Subject difference waveforms were calculated by subtracting the subject average standard waveform (all standards included) from the subject average deviant waveform. The electrode site selected for analysis was Fz (in the present study represented by the average of electrodes 11, 16, 19 and 4 in the EGI 124-channel nets), since the MMN response in adults is typically strongest there ([@bib0110]). It could be argued that left frontal electrodes, for example F3, should be used since the MMR is typically strongest there in infant studies (e.g., [@bib0045], [@bib0050]). However, since it is the adult MMN component that has been linked to discrimination ([@bib0155]) and the relationship between the MMN and the infant MMR is not straightforward ([@bib0080]), the Fz site was selected for analysis in the present study on theoretical bases. The average amplitude of the difference waveform was calculated for two time-windows: 150--350 ms and 350--550 ms after stimulus onset (M150 and M350 respectively, M for mismatch response, 150 and 350 for the onsets of the analysis time-windows). The time-windows were chosen in line with a similar recent study ([@bib0050]).

2.6. Audio recordings and segmentation {#sec0040}
--------------------------------------

Audio recordings were performed in the home, using recording devices from the Language Environment Analysis system (LENA; LENA Research Foundation, Boulder, CO, USA). At the time of the laboratory visit for the MMN experiment, parents were given two recording devices, one for each day of recording. They were also given two vests to place the devices in during recordings, and instructions on how to use them. They were asked to dress the child in the vest as he or she woke up on the day of the recording, put the device on and let it run for the rest of the day. During bath-time and nap-time the vest was removed but kept close by with the recording still running. The parents were told to inform other people entering their home on the day of the recording that the recording was going on. Parents also had the option to select parts of the recordings to be removed after the initial automated audio analysis. Each participating family was asked to perform two daylong recordings, one during a weekday and one during a weekend day. In some cases, the families were unable to perform recordings according to this pattern, in which case they performed two recordings on weekdays (n = 8) or two recordings on weekends (n = 1). In one case, the family contributed with a single weekday recording. The recordings were made on days that the infant and a parent primarily spent at home.

2.7. Automatic audio segmentation {#sec0045}
---------------------------------

The LENA-Pro 3.4.0 software (LENA Research Foundation, Boulder, CO, US) performs an automatic segmentation of the recording upon downloading it from the recording devices. Based on acoustic characteristics of the signal, the software identifies sections of the recordings with target child vocalizations, other child vocalizations, female speech, male speech, silence, TV/electronic sounds, and noise, including overlapping speech and other sounds that the system does not recognize ([@bib0185]). The amount of speech exposure was calculated for each subject by taking the average amount of exposure (in seconds) from the two recording days. In the case where only one recording was available, the estimates from this recording were used.

3. Results {#sec0050}
==========

3.1. Speech measures {#sec0055}
--------------------

Although the amount of speech exposure is exported from the LENA system in seconds, and all statistical analyses were performed using this unit, results will be reported and visualized in minutes.

A paired-samples two-tailed *t*-test revealed no difference in total amount of speech exposure between weekdays and weekend days (t(27) = .053, *p* = .958). Data from all participants who had contributed with one weekend and one weekday recording (n = 28), regardless of whether their MMR recording was included or not, were included in this preliminary analysis. In the main analysis, the mean of the two contributed recordings was used as speech exposure measure, regardless of whether the recording had been done on a weekday or on a weekend day. In the case where only one recording was available, data from that recording was used.

The mean speech exposure amount was 78.4 min per day (SD = 35.7). There was no significant difference in speech exposure between the two age groups (t(25) = .567, *p* = .576; [Table 3](#tbl0015){ref-type="table"}).Table 3The speech measures for the two age groups. Amount of exposure is reported in minutes.Table 3Age groupNMean (SD)MaxMin4-month-olds1282.8 (32.7)145.446.38-month-olds1574.8 (38.7)142.123.6

3.2. Mismatch responses {#sec0060}
-----------------------

The grand average standard, deviant and difference waveforms at the Fz site can be found in [Fig. 1](#fig0005){ref-type="fig"}. [Fig. 2](#fig0010){ref-type="fig"} shows the topography of the speech and rotated speech conditions in both analysis time-windows. To measure whether significant MMRs were found, one sample t-tests on the MMR amplitude (mean of all samples within the time-window) were performed (H~0~ = 0), one per condition and analysis time-window. The amplitude of the difference waves differed significantly from zero in the earlier analysis window for both conditions, but only in the rotated condition in the later time-window (see [Table 4](#tbl0020){ref-type="table"}). There was no difference in number of standard or deviant trials between conditions (deviants: t(26) = .959, *p* = .346, standards: t(26) = 1.213, *p* = .236).Fig. 1The grand average standard, deviant and difference waveforms from the Fz site. The shaded green area shows the early analysis time-window (150--350 ms), and the shaded blue area shows the late analysis time-window (350--550 ms). Negativity is plotted down (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article).Fig. 1Fig. 2The topography of the MMRs for the two conditions (rows) in the two analysis time-windows (columns).Fig. 2Table 4Results of t-tests of the MMR for the two conditions in the two time-windows at Fz (average of electrodes 11, 16, 19 and 4). Significant results are marked with an asterisk (*p* \< .05).Table 4ConditionTime-windowtdf*p*Speech150-350 ms2.12726.043\*350-550 ms0.92126.365Rotated speech150-350 ms2.54026.017\*350-550 ms3.01426.006\*

Preliminary analyses were performed to investigate the effect of age, infant sex, standard vowel, block order and number of native languages on the MMR amplitudes. The preliminary analyses consisted of a series of repeated measures ANOVAs, all with MMR amplitudes in the two time-windows as dependent variables and speech condition (speech vs. rotated speech) as within-subject variable. In each of the five separate ANOVAs, one of the potentially confounding variables was entered as a between-subject variable. Ideally, all variables should of course have been entered in the same model, but due to the low sample size, such a complete model would have very low statistical power. Therefore, in order not to risk missing any effects of the potentially confounding variables, separate tests were run for each variable. For the same reason, the alpha level was not adjusted for multiple comparisons.

The preliminary analyses revealed a marginally significant interaction (*p* =  .076) between time-window (M150 and M350) and age group (4-month-olds and 8-month-olds), and a significant interaction (*p* =  .036) between condition (speech and rotated speech) and sex (girls and boys). No significant interactions were found for standard vowel, block order or number of native languages. Details about the initial preliminary analysis can be found in [Table 5](#tbl0025){ref-type="table"}.Table 5Results of preliminary analyses testing for effects of potentially confounding factors. Significant results are marked with an asterisk (*p* \< .05). Asterisk within parentheses denotes non-significant result but low enough p-value to warrant further investigation anyway (*p* \< .1).Table 5Between-subject factorInteractionFdf*p*Age groupCondition\*Age group.4591, 25.504Time-window\*Age group3.4261, 25.076(\*)Infant sexCondition\*Infant sex4.9191, 25.036\*Time-window\*Infant sex.1501, 25.702Standard vowelCondition\*Standard vowel.0411, 25.840Time-window\*Standard vowel.1501, 25.702Block orderCondition\*Block order.7111, 25.407Time-window\*Block order.6931, 25.413LingualismCondition\*Lingualism1.6141, 25.216Time-window\*Lingualism.3781, 25.544

The first finding of the preliminary analyses, the interaction between time-window and age group, reveals that there is a difference between the realization of the MMR in the two age groups that is *unrelated to condition* (see [Fig. 3](#fig0015){ref-type="fig"}, left panel). In order to isolate the effect of speech exposure on speech sound category development (quantified as MMR amplitude), this age-related difference in MMR realization in general must first be accounted for. Based on the reasoning that an MMR to a change between two speech sounds is comprised of two separate comparison processes ([@bib0025]), and the fact that the MMR to two rotated speech sounds has been shown to reasonably approximate the acoustic part of the MMR response ([@bib0085]), the part of the MMR specifically tied to language processing was estimated by subtracting the MMR to the rotated speech from the MMR to the vowels (separately for each time-window).Fig. 3a) The mean M150 and M350 amplitudes (across conditions) for 4-month-olds and 8-month-olds illustrate the marginally significant interaction between analysis time-window and age group. b) There is no significant interaction between analysis time-window and age group for the corrected MMRs (D150 and D350), in which the MMRs to rotated speech have been subtracted from the MMRs to vowels.Fig. 3

In other words, preliminary analysis revealed that there are age-related differences in the MMRs that are found across both the speech and the rotated speech condition. These differences are presumably unrelated to the processing of speech specifically, and instead related to the development of more general acoustic processing. Therefore, an approximation of the part of the MMR that is tied to acoustic processing is subtracted from the total MMR, isolating the part tied to language processing.

Follow-up analyses were performed to test for effects of age group on this isolated language-related part of the MMR. A repeated measures ANOVA with a corresponding design as in the original preliminary analyses was used, except that the dependent variable was the difference measure for each time window (henceforth called D150 and D350; D for amplitude difference) instead of the MMR amplitudes, and condition was not included as a within-subject variable. No interaction with age group was found using this measure (see also [Fig. 3](#fig0015){ref-type="fig"}, right panel).

The second finding of the preliminary analyses was an interaction between condition and infant sex ([Table 5](#tbl0025){ref-type="table"}). Probing this interaction using independent-samples t-tests showed that for speech, both the M150 amplitude (*p* =  .035) and the M350 amplitude (*p* =  .024) differed between boys and girls, whereas for rotated speech neither MMR amplitude differed between the sexes ([Table 6](#tbl0030){ref-type="table"}). Using the measures of the isolated language-related response (D150 and D350), an overall amplitude difference was found between boys and girls (*p* =  .036). Follow-up t-tests revealed that the overall difference was driven by a difference in D150 (*p* =  .044), and that there was no difference in D350 between boys and girls.Table 6The MMR amplitudes and the difference measures in both time windows, for all participants (n = 27), and divided into boys (n = 13) and girls (n = 14). MMR amplitudes and the difference measure (SD in parentheses) are given in μV.Table 6Condition/measureInfant sex150-350 ms350-550 msMMR speech*girls*2.20 (2.45)1.67 (3.02)*boys*−0.01 (2.71)−0.75 (2.08)*all*1.13 (2.77)0.50 (2.84)MMR rotated speech*girls*1.35 (2.82)1.99 (2.85)*boys*1.35 (2.81)1.56 (3.40)*all*1.35 (2.76)1.78 (3.07)Difference measure*girls*0.85 (2.71)−0.32 (3.32)*boys*−1.36 (2.70)−2.31 (2.85)*all*−0.22 (2.88)−1.27 (3.21)

In the main analysis, only the difference measures were used in order to investigate the impact of speech exposure specifically on the part of the MMR that is related to language. Further, since no effect of age was evident in this measure, the two age groups were combined. Linear regressions showed that total amount of speech exposure predicted D350 (F(1, 25) = 8.416, *β* = .502, R^2^ = .252, *p* = .008), but not D150 (F(1, 25) = 2.003, *β* = .272, R^2^ = .074, *p* = .169), see [Fig. 4](#fig0020){ref-type="fig"}. Separate analyses for boys and girls were not possible because of the small sample size. On the level of individual participants, a high positive D350 value is taken to indicate high specialization for language processing (higher MMR amplitude for speech than for rotated speech) and a low or negative D350 value indicates low language processing specialization (equal MMR amplitude or higher amplitude for rotated speech than for speech)[2](#fn0010){ref-type="fn"} .Fig. 4The D350 displayed as a function of total amount of speech exposure. More positive D350 values, that is greater difference between the speech condition and the rotated speech condition, indicate higher degree of language specialization.Fig. 4

All statistical tests were performed in SPSS 21 (International Business Machines Corp., Armonk, New York, USA).

4. Discussion {#sec0065}
=============

A positive MMR was found in the earlier time-window (150--350 ms) for both the speech condition and the rotated speech condition. This is in line with previous findings of a positive MMR in this time-window both for native speech sound contrasts ([@bib0050]) and for non-speech sounds such as sine tones ([@bib0105]). The early MMR to speech contrasts is viewed as a change-detection response relying on attention to stimuli ([@bib0125]; [@bib0050]). It has also been suggested to reflect intrinsic factors of the infant, such as general discriminatory ability and level of neuronal maturation, rather than extrinsic factors such as familiarity with (or automatized processing of) the specific sounds ([@bib0125]). In the present study, no amplitude difference was found between the speech and the rotated speech condition, which is in line with this reasoning. Firstly, the general attention to speech stimuli and non-speech stimuli, quantified as the number of accepted trials in each condition, did not differ between conditions. Second, the rotated vowel stimuli were chosen based on the fact that an acoustic difference between two rotated sounds is a good approximation of the acoustic difference between the two original, un-rotated sounds ([@bib0085]). It is thus not unexpected that there is no difference in early MMR amplitude (which reflects general discriminatory ability) between the two conditions.

In the later time-window (350--550 ms), a positive MMR was found only for the rotated speech condition, but not for the speech sounds. The findings of [@bib0050] show that a high amount of language exposure is related to a negative MMR in this time-window. In children with a moderate or low amount of language exposure, no MMR to native contrasts was found in this time-window. Assuming that the MMR to the rotated speech reasonably approximates a hypothetical MMR to speech sounds if the infants had never before been exposed to speech, it is possible that the lack of a measurable late MMR in the speech condition is in fact a sign of the impact of exposure on the MMR amplitude. If the MMR shifts gradually from positive with little or no exposure (approximated by the rotated speech condition, and the non-native Mandarin Chinese contrast in [@bib0050]) to negative with a lot of exposure (the high-exposure monolingual group in [@bib0050]), then it must at some point at this path pass zero. This is problematic, as whenever the amplitude of an MMR is not different from zero, it can also signify that the change was not detected.

The transition from a positive MMR at four to eight months of age (present study) to a negative MMR at around one year of age ([@bib0050], high-exposure monolingual group) is most likely also at least in part a result of brain maturation in general, since the adult MMN in response to never before heard non-speech sounds is negative ([@bib0085]). Including non-speech control conditions when studying speech sound perception developmentally can help shed light on how brain maturation and language exposure interact in shaping the infant MMR, which in turn is vital in order to interpret the MMRs in a meaningful way.

The age difference in how the MMR is realized in the early versus the late time-windows is not statistically significant in the present study, although still important. Since there was no interaction with condition, it illustrates the necessity of a non-speech condition of comparable complexity to speech when studying speech sound perception developmentally. Subtracting the MMRs to the rotated condition from the MMRs of the speech conditions isolates an approximation of the part of the MMRs that is specifically tied to changes in speech sound perception by removing the part of the MMR that is elicited by changes in any type of auditory stimuli. Subtracting the general acoustic part of the MMRs also removed the condition-independent difference between age groups, suggesting that speech sound processing development is not necessarily heavily influenced by maturational factors between four and eight months of age. Instead, this corrected measure was found to be directly related to daily language exposure. Importantly, this relation was found only for the later analysis time-window (350--550 ms). This is in line with previous findings showing an effect of amount of exposure on the MMR amplitude in this late time-window ([@bib0050]).

A difference was found in MMR amplitude between boys and girls. This is in line with previous findings, in which girls' brain responses have been demonstrated to mature more rapidly during infancy (e.g., [@bib0145]). The difference was found both in the early and the late MMRs in the speech condition, but not in the rotated speech condition. Interestingly, after isolating the part of the MMRs specific to speech sound perception (by subtracting the MMRs to rotated speech from the MMRs to speech), the difference between boys and girls remained but only in the early time-window. Since MMR amplitude in the early time-window has been tied to attention, general discriminatory ability and/or maturation ([@bib0050]; [@bib0125]), this is in line both with findings showing faster maturation of speech related areas for girls than for boys ([@bib0145]), and with findings suggesting that female infants attend to speech stimuli to a greater extent than male infants do ([@bib0130]). It is worth noting that if the higher positive MMR amplitude for girls is an indication of attention, it is realized differently than in the study by [@bib0130], in which it was realized as a more negative MMR in later time-windows.

In conclusion, the present study shows that four-to eight-month-old infants' processing of native speech sounds is directly related to the amount of speech the infants are exposed to, more so than it is related to age-dependent maturational factors. More research is necessary to disentangle the relative impact of maturational factors, language exposure and development, as well as attentional factors on the infant MMR.
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It is possible that participants attended" open pre-school", an activity similar to pre-school that parents and infants/children can attend together for a few hours per day. Parents were not asked whether they regularly attended "open pre-school" or other organized activities with their child.

Previous studies have demonstrated a relation between a more negative MMR in this late time-window and both more exposure ([@bib0050]) and later language outcomes ([@bib0075]). However, this was found in older infants, where the MMR presumably was negative on a group level. In the present study it is assumed that a larger perceived difference should result in a larger MMR amplitude, regardless of polarity, based on the notion that the MMR at least to some extent is a precursor to -- and shares characteristics of -- the adult MMN ([@bib0080]). In the present sample, all measurable MMRs were positive, and a higher positive amplitude in the speech condition is thus taken as more specialized processing. See Discussion for problematization of the developmental transition from positive to negative MMRs.
